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OncogeneThe folding of oncogene promoters into non-canonical DNA secondary structures is considered a
strategy to control gene expression. Herein, we focused on a 30 bases sequence located upstream
of the transcription start site of BRAF (Braf-176) that contains 80% of guanines. We analyzed the
structural behavior of the G- and C-rich strands. By the use of spectroscopic and electrophoretic
techniques we conﬁrmed that they actually fold into a predominant antiparallel G-quadruplex
and into an i-motif, respectively, and that they can coexist at nearly physiological conditions.
Finally, the inﬂuence of several factors (KCl, pH, PEG200) on the conversion of the double stranded
form of the oncogene promoter into the two above mentioned non-canonical structures has been
explored.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In the last two decades, the potential connection between
G-rich nucleic acid sequences and modern chemotherapy has been
the object of several studies. The peculiarity of these sequences is
related to their attitude to fold into G-quadruplex structures (G4),
tetrahelical tridimensional arrangements supported by the over-
lapping of planar arrays formed by four guanines paired together
by a network of Hoogsten bonds [1]. These structures can form
at the telomeric end of chromosomes but also in the promoter
region of genes and within the 50 untranslated region (50 UTR) of
mRNAs [2–5] and their involvement in replication and transcrip-
tion is now well assessed [6]. Indeed, these mechanisms are ﬁnely
tuned through the recruitment of many proteins at speciﬁc pro-
moter sites where the DNA/RNA–protein interactions are pro-
foundly inﬂuenced by the structural arrangement(s) of the
nucleic acid. Thus, the predominance of one structure over the
others determines an additional switching on/off mechanism [7].
Surprisingly, the large majority of the putative G-quadruplex form-
ing (PQF) sequences turned out to be preferentially located in the
promoters of proto-oncogenes and transcription factors rather
than in tumor suppressor or housekeeping genes thus foreseeinga functional role of G4 structures as a switch-off element for gene
transcription [8]. Consistently, gene silencing by G4 stabilization
has been considered as a valuable alternative to the nucleic
acid-based approaches currently used in cellular systems (e.g.,
antisense oligomers, siRNA) [9–11].
Up-to-date, the promoter sequences of several oncogenes have
been investigated for their ability to fold into G4 structures.
Relevant examples are c-MYC, KIT, KRAS, BCL-2, VEGF, PDGF-a,
PDGFR-B and RET. For some of these DNA sequences the corre-
sponding G4 strucutres have been solved by NMR or X-ray [12–
18]. Additionally, it was clearly shown that small molecules able
to stabilize the G4 form of c-MYC, cKIT or KRAS promoters, sensibly
decrease the oncogene expression at both the mRNA and protein
levels in cancer cells [3,19–22].
Recently, the oncogene BRAF has been analyzed in terms of PQF
sequences. The interest for this gene relies on its role in several
cancers [23]. Indeed, it encodes for a serine-threonine protein
kinase and some activating mutations (among which the
BrafV600E is the most extensively studied) are seen in about 70%
of primary melanomas, 10% of colorectal cancers and 30–70% of
papillary thyroid carcinomas [24]. Two main G-rich sequences
have been identiﬁed in the promoter region of this gene. One,
named B-raf, is placed ﬁve bases down-stream the transcription
start site (TSS) (on the opposite strand of the sequence coding for
the 50-untranslated region, 50 UTR) and its G4 structure has been
solved by X-ray spectroscopy [25]. The second one is located
upstream the TSS at position 176.
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the G-rich sequence of Braf-176. Additionally, we take into account
that, in the cells, oncogenic sequences are in their double stranded
form. Thus, the conformational study has been extended towards
the complementary strand. Indeed, C-rich sequences can assume
a peculiar conformation called i-motif (iM) stabilized by hydrogen
bonding between the N3 of two cytosines [26,27]. Although this
peculiar conformation is favoured at pH 5.0 (where cytosines are
hemiprotonated) its occurrence may provide an additional pertur-
bation of the stability of the double stranded form of the tested
oncogenic sequence.
The so far acquired information have been ﬁnally applied to the
double stranded system to further validate the relevance of these
structural equilibria on the physiological substrate.
2. Materials and Methods
2.1. Materials
Synthetic oligonucleotides (Bioscience, Belgium) were resus-
pended in milliQ water and puriﬁed by PAGE before use. The tested
sequences are reported in Table 1. ds_Braf-176 was obtained by
annealing equimolar amounts of the two complementary strands,
Braf-176 and C_Braf-176.
2.2. Circular dichroism measurements
CD spectra were recorded using 1 cm pathlength cells on a Jasco
J810 spectropolarimeter equipped with a NESLAB temperature
controller. Before data acquisition, DNA solutions (ca. 4 lM, strand
concentration) were heated at 95 C for 5 min and left to cool over-
night at room temperature in the required buffer (10 mM Tris,
1 mM EDTA, variable KCl and pH). Each reported spectrum repre-
sents the average of 3 scans. Observed ellipticities were converted
to mean residue ellipticity [H] = deg  cm2  dmol1 (Mol. Ellip.).
When required, the variation of the dichroic signal at a selected
wavelength was monitored as a function of the temperature using
a heating/cooling rate of 1 C/min in the temperature range 25–
95 C. Melting temperatures were determined by the ﬁrst deriva-
tive of the melting curves.
To calculate the apparent dissociation constant for KCl (Kd), the
fraction of bound DNA was calculated as (S  So)/(S1  So), where
So and S1 are the signal corresponding to free and bound DNA and
S is the signal recorded at variable KCl concentration. Experimental
data were ﬁtted according to a single binding event according to
the following equation: bound fraction = [KCl]/([KCl] + Kd).
2.3. Thermal differential spectrum (TDS)
Thermal difference spectra were obtained by subtracting the UV
absorption spectra of tested sequences acquired at 25 C and at
95 C in 10 mM Tris, 100 mM KCl at the reported pH in a PerkinTable 1
Sequences used in this work and corresponding melting temperatures (Tm) deter-
mined by CD(a) or UV(b) spectroscopy in 10 mM Tris, 1 mM EDTA, 100 mM KCl, pH 7.0.











79.0(b)Elmer k20 spectrometer. The resulting thermal difference spectra
were normalized to the value of 1 at the maximal intensity.
2.4. Electromobility shift assay (EMSA)
Single-stranded oligonucleotides were 50-labelled with T4
polynucleotide Kinase (Thermo Scientiﬁc) and [c32P] ATP (Perkin
Elmer, Life Sciences). A mixture of puriﬁed labelled and unlabelled
oligonucleotides (total ﬁnal concentration 1 lM) was heated to
95 C for 5 min in 10 mM Tris, 1 mM EDTA, pH 8.0 with increasing
KCl concentrations and let to cool overnight at room temperature.
The folding of the starting material was monitored by native 20%
polyacrylamide gel in 0.5 TBE (44.5 mM Tris, 44.5 mM boric acid
and 1 mM EDTA) in the presence or absence of 10 mM KCl
(11 V/cm for 2.5 h). Resolved bands were visualized on a
Phosphor Imager (STORM 840, Pharmacia Biotech Amersham).
2.5. Fluorescence melting studies
Fluorescence melting experiments were performed using
Braf-176 labeled with Dabcyl at the 50-end and FAM at the 30-end
alone or previously annealed with its complementary strand.
DNA solutions (0.25 lM) were prepared in 10 mM LiOH at the
required pH with H3PO4 and added of different concentration of
KCl. The resulting samples were slowly heated to 95 C
(1 C/min) in a Roche LightCycler where the ﬂuorescence emission
was recorded at 520 nm (excitation source set at 488 nm). Tm val-
ues were determined from the ﬁrst derivatives of the melting pro-
ﬁles using the Roche LightCycler software. Each curve was
repeated at least three times and errors were ±0.4 C.
3. Result and discussion
3.1. Folding of BRAF-176 into G-quadruplex structure(s)
The peculiarity of the identiﬁed Braf-176 sequence is related to
the impressive number of guanines it contains (80%). This can easily
lead to the potential formation of multiple G4 structures. To moni-
tor the structural equilibria occurringwithin this sequence, we used
CD spectroscopy [28]. Indeed, unique dichroic features are associ-
ated to deﬁned tridimensional orientation of the DNA chro-
mophores that derive from the nucleic acid secondary structure.
Analyses were performed in the presence/absence of K+, a metal
ion known to promote and stabilize G4. Titration curves showed
that themetal ion altered the dichroic spectrum of Braf-176 accord-
ing to a process that reached saturation al low K+ concentration
(about 10 mM) with an apparent Kd = 0.64 ± 0.03 mM
(Fig. 1A and B). Interestingly, a good correlation between the ther-
mal stabilization driven by themetal ion and the CD signal variation
it promoteswas found. Additionally, it isworth to underline that the
thermal stability of Braf-176 (90 C for K+ > 25 mM) ismuch larger
than the one recorded for the previously reported B-raf sequence
located in the 50 UTR region [25].
The variation of the optical signal induced by KCl was modest
but led to a ﬁnal form identiﬁed by a strong positive band centered
at 295 nm and a modest negative band in the 230–250 nm range.
This combination of dichroic contributions has been related to a
G4 structure likely arranged into a main antiparallel folding deriv-
ing from overlapping of guanosine of alternating syn/anti glyco-
sidic bond. This model was in line with TDS results (Fig. 1C) [29].
Moreover, EMSA analysis conﬁrmed that KCl causes the samples
to migrate faster than a linear oligonucleotide of comparable
length (Fig. 1D). These evidences allowed us to propose that
Braf-176 is actually able to fold into a predominant intramolecular
antiparallel G4 structure.
Fig. 1. CD spectra of 4 lM Braf-176 recorded in the absence (solid lines) or in the presence of 100 mM KCl in 10 mM Tris, 1 mM EDTA, pH 7.0 after a slow (1 C/min, dashed
line) or a fast (10 C/min, dotted line) annealing step (A). The % of DNA bound by the metal ion derived from CD titrations (full circles) and the corresponding melting
temperatures (empty triangles) plotted as a function of KCl concentration (B). In (C) the thermal difference spectrum corresponding to the slow annealed sample in 10 mM
Tris, 1 mM EDTA, 100 mM KCl, pH 7.0 is reported whereas, in (D), the electrophoretic pattern on a 20% native polyacrylamide gel in TBE 0.5 of Braf-176 in presence of
increasing KCl concentrations is shown. Markers refer to unfolded single strand sequences 32 or 13 bases long. In (E) the CD spectra of the mutated Braf-176 sequences (4 lM)
annealed in 10 mM Tris, 1 mM EDTA, 100 mM KCl, pH 7.0 are reported.
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ent topologies was not fully excluded. Indeed, working at KCl con-
centrations higher than 50 mM two thermal transitions were
observed. Additionally, a fast annealing step (10 C/min) allowed
trapping a CD signal characterized by a strong positive band cen-
tered at 265 nm (Fig. 1A). Since along the time, it slowly converts
to the above described form, we can attribute it to a kinetically
but not thermodynamically favored form.
To possibly address the bases which are responsible for the
occurrence of the different G4 topologies, we acquired the CD spec-
trum of some Braf-176 mutants in which one, two or three G-T
substitutions were introduced within the long stretch of seven
adjacent guanines found in the wild type sequence (Table 1,
Fig. 1E).
Generally, all tested mutants did not assume different G4
arrangements according to the annealing rate, the only exception
being Braf-176_T2b which behavior resembled the one discussed
for the wild type. Moreover, none of them showed an antiparallel
component so relevant as Braf-176. When compared to the260 nm band, the 295 nm contribution was still predominant for
T2b and T2c but it progressively decreased in T1 and T2a up to
T3 where it was almost suppressed. Surprisingly, T3 was still able
to assume a G4 conformation, although characterized by a lower
thermal stability. This form was characterized by an intense CD
signal at 260 nm, likely deriving from the recruitment of
non-consecutive Gs within a single column. Such a behavior was
supported by T2a and, to a lesser extent by T1. This suggests that
it is mainly the 50 portion of the hepta-repeated sequence that is
involved in driving the antiparallel component in the folding
process.
3.2. Formation of G-quadruplex from ds_Braf-176
To better highlight the potential occurrance of the herein
described G4 conformations of Braf-176 in cells, we investigated
their formation within the corresponding double stranded frag-
ment. The high content in GC pairs allows predicting a high stabil-
ity for the double stranded too. Accordingly, by reading the
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found in buffer that does not promote G4 formation (100 mM LiCl)
(Fig. 2A). As a consequence we expect a poor tendency of the G-rich
strand to dissociate from its complementary C-rich sequence to
assume a G-4 conformation. Consistently, the CD spectrum of the
ds_BRAF-176 acquired in the absence of KCl was not signiﬁcantly
affected by the subsequent addition of the G4 inducer metal ion
(data not shown). This can actually derive from the modest varia-
tion associated to the G-rich strand upon K+ binding or it can high-
light a poor ability to form a G4 structure. This second hypothesis
was further supported by EMSA where addition of KCl to the
ds_Braf was not sufﬁcient to cause the strand separation required
in order to form G4 (Fig. 2B). However, when the two complemen-
tary strands were annealed in the presence of KCl, EMSA high-
lighted a signiﬁcant competition between the paired B form and
the G4 structure(s) (Fig. 2C). Consistently, the UV melting proﬁle
of ds_Braf-176 recorded at 260 nm, thus where the signal variation
essentially derives only from the melting of the duplex, was shifted
at a lower temperature when acquired in KCl containing solutions
(Tm = 79.0 C in 100 mM KCl) as a result of G4 induction (Fig. 2A,
Table 1). This result was supported by a ﬂuorescence melting assay
(Fig. 2D). In this case, using the G-rich strand labelled with a ﬂuo-
rophore and a quencher at the 50 and 30 end, respectively, the ﬂu-
orescence signals of the double helix, the unfolded G-rich strand
and the G-4 forms are distinct and can be followed during the
melting step [30]. Starting from the ds_Braf, in the absence of
KCl, we observed only the transition from the double strand to
the single stranded form. Conversely, when KCl was included in
the reaction mixture, this step was associated to a remarkable
reduction of the ﬂuorescence signal which describes the folding
of the labelled G-rich strand into a G4 structure.
By merging these data we can conclude that G4 formation can
be clearly detected only upon heating the dsDNA at a temperatureFig. 2. Thermal denaturation proﬁle of ds_Braf-176 recorded by UV absorbance at 260 nm
LiCl (dotted line) (A). Induction of G4 structures from ds_Braf-176 by increasing concentr
TBE 0.5 containing 10 mM KCl before (B) and after (C) an annealing step in the presen
melting proﬁles of 0.25 lM ds_Braf-176, containing a labelled G-rich strand, in the presen
pH 5.0 (gray lines) are reported.higher or close to its Tm and by including a KCl concentration suf-
ﬁcient to stabilize the tetrahelix to a larger extent. This corre-
sponds to [KCl] higher than 5 mM (where the Tm is about 75 C
and 69 C for the G4 and the double strand, respectively). In these
conditions, the preferential stabilizing effect of the metal ion on
the G4 in comparison to the ds_Braf shifted the equilibrium toward
the tetrahelix that can be thus detected although
non-physiological temperatures are required. Nevertheless, we
must take into account that, in cell, transient lowering of the stabil-
ity of the double helix can be further promoted by other events like
structural stress of the double helix, helicases, etc.
3.3. Structural equilibria of C_Braf-176
In the above section, we described the competition between the
double helix and G4 as the result of a balance of the relative stabil-
ities of the two structures. However, a relevant contribution to the
promotion of the tetrahelix can derive from the C-rich strand.
Indeed, as above mentioned, it can be involved in the formation
of an iM, although prevalently in acidic conditions. The CD spec-
trum of C_Braf-176 acquired at pH 5.0 was characterized by an
intense dichroic band at 288 nm and a small negative band at
260 nm (Fig. 3A). Moreover, TDS recorded in the same experimen-
tal conditions showed a maximum centered at 239 nm and a min-
imum at 295 nm (Fig. 3B). Both these signatures are characteristic
of the presence of an iM. UV melting analysis indicated it as a very
stable iM with a Tm  90 C (Fig. 3C) and containing about 7 CAC+
pairs [31,32].
Consistently, CD spectra recorded at variable pH showed a
remarkable dependence of the folded fraction with the cytosine
protonation state. In fact, as it can be appreciated in Fig. 3A, the
intensity of the dichroic bands progressively decreased by lower-
ing the pH to 3.0 as a consequence of the fully protonated statein 10 mM Tris, 1 mM EDTA, pH 7.0 containing 100 mM KCl (solid line) or 100 mM
ations of KCl (0–50 mM). Samples were loaded on a 20% native polyacrylamide gel in
ce of the metal ion. 22 bp refers to a random sequence of 22 base pairs. In (D) the
ce (solid lines) or absence (dashed lines) of 100 mM KCl at pH 7.0 (black lines) or at
Fig. 3. CD spectra of 4 lM C_Braf-176 recorded in 10 mM Tris, 1 mM EDTA, 100 mM KCl at different pH (A), TDS corresponding to the sample at pH 5.0 (B) and melting
proﬁles recorded at pH 7.0 and 5.0 by UV absorbance readings at 265 nm (C). In (D) the effect of 100 mM KCl on the molar ellipticity recorded at 288 nm is reported.
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pairing. As expected, an even more dramatic effect was observed
by increasing pH up to 8.0 where the secondary structure appears
to be completely lost. Likely, the spectra recorded at intermediate
pH values correspond to a combination of unfolded and partially
folded structures [33,34]. The interesting result that emerged from
this analysis is the persistence of the iM at a nearly physiological
pH value (pH 7.0). This was supported by UV melting analysis at
pH 7.0 where the thermal transition occurred at 40.6 C, a temper-
ature higher than the physiological one (Fig. 3C, Table 1).
Moreover, whereas the presence of KCl causes an extensive loss
of the iM content at pH 8.0, no relevant effects on the secondary
structure of C_Braf-176 were observed at pH 7.0 (Fig. 3D, S1).
This led us to conclude that iM and G4 may indeed coexist.
3.4. Effect of pH or PEG200 on the non-canonical structures formation
by ds_Braf-176
From the above data, we should expect that the stability of the
ds_Braf-176 should be impaired in acidic condition as a result of
the promotion of the iM. By monitoring the melting proﬁle of
ds_Braf-176 we actually observed a reduction of the temperature
at which the conversion from the double stranded into the G4
occurs by shifting the working buffer from pH 7.0 to pH 5.0
(Fig. 2D). However this variation was modest ( 2 C), thus making
difﬁcult to actually relate it to the concomitant iM formation rather
than to a direct destabilization of the double helix due to the acidic
conditions.
In order to assess if other physiologically relevant elements can
further modulate these equilibria, we take into account the poten-
tial role of the crowding conditions which mimic the high nucleic
acid and proteins concentration found in the nucleus. Here, we
used PEG which has a well stated role in stabilizing G4 structurespreferentially into a parallel conformation (Fig. 4A) [35,36].
Although it is now assessed that this is mainly due to a preferential
interaction of the polymer with a deﬁned G4 conformation rather
than to excluded volume effects, we used PEG200 since it is one
of the most used conformational transition inducer both on G4
and iM [37,38].
The dichroic spectrum of Braf-176 annealed in 100 mM KCl was
not inﬂuenced by the addition of 40% (w/v) PEG200 conﬁrming a
high contribution of the antiparallel structure. However, when
the sequence was annealed in the presence of the polymer, irre-
spectively of the applied cooling rate, the band centered at
295 nm (usually related to an antiparallel component) consistently
decreased and one at 260 nm (parallel contribution) appears. Thus,
PEG200 can actually provide the rearrangement of Braf-176
towards a parallel G4 arrangement. This is consistent with data
on other G-rich sequences such as the human telomeric sequence
for which the hybrid G4 form assumed by in KCl shifts towards a
parallel G4 conformation in the presence of 40% PEG200 [39].
Recently, studies on the mutual inﬂuence of pH, crowding and
dehydrating agents on iM have been performed too and they
showed the potential of PEG to stabilize iMs up to pH 6.5
[40,41]. Working on C-Braf-176, we observed that at the lower
tested pHs (5.0 and 3.0), PEG200 reduced the CD signal correspond-
ing to the iM thus indicating a decrease of the folded fraction
(Fig. 4B). This can be probably due to inappropriate PEG/pH bal-
ance, which leads to an increase of the electrostatic repulsion
between the cytosine pairs as a result of the reduced dielectric con-
stant for the water/PEG mixture. Of note, at pH 7.0, where the
charge on cytosines is largely reduced, the CD spectrum recorded
in the presence of 40% PEG200 showed the same signature of the
iM observed at pH 5.0 (Fig. 4B, S2). This supports that crowding
conditions can stabilize this conformation at pH values close to
the physiological one.
Fig. 4. CD spectra of 4 lM Braf-176 recorded in 10 mM Tris, 1 mM EDTA, 100 mM KCl, pH 7.0 (solid line) after addition of 40% PEG200 (black dashed line) and the annealed
solution (1 C/min, gray dashed line) (A). Molar ellipticity recorded at 287 nm of 4 lM C_BRAF-176 in 10 mM Tris, 1 mM EDTA, 100 mM KCl at different pHs, in the presence/
absence of 40% PEG200 (B). In (C), CD spectra of 4 lM ds_BRAF-176 recorded in 10 mM Tris, 1 mM EDTA, 100 mM KCl, pH 7.0 (solid line) and after addition of 40% PEG200
(dotted line). Dashed line corresponds to the PEG containing sample after a slow annealing step (cooling rate 1 C/min). The dashed-dotted line corresponds to the algebraic
sum of the spectra of the G-rich and C-rich strands annealed in the same experimental conditions.
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of the double stranded ds_Braf-176 in the presence of PEG200, too.
Distinctly from what observed upon addition of only KCl, the
simultaneous use of the metal ion and the polymer perturbed
the structural features of the double helix leading to an increment
of the dichroic band at 280 nm. Interestingly, it reached a maxi-
mum after an annealing step. It is signiﬁcant to underline that this
signature perfectly matches the one obtained by combining the
contributions of both folded G- and C-rich strands. This allows
proposing a favorable role of PEG200 in the conversion of the double
helix towards the G4 and iM structures.
4. Conclusions
From data herein presented, we can conclude that Braf-176,
thanks to its peculiar base composition, has a high potential to
assume non-canonical secondary structures in physiological condi-
tions. In particular, low potassium concentrations are sufﬁcient to
convert the G-rich Braf-176 into a predominant antiparallel G4
structure. A comparison with the available data for the previously
reported B-raf sequence located in 50-UTR region is interesting [25].
Indeed, in addition to the different main G4 topologies (antiparallel
and parallel for B-raf and Braf-176, respectively), Braf-176 does not
prefer to form G4-dimer in solution. Thus, our target can be pre-
sent within one single gene copy, making it a good novel potential
drug target.
At physiologically relevant KCl concentrations (100 mM) the G4
folded form of Braf-176 shows a remarkably high thermal stability
(Tm  90 C). Unfortunately, in the same conditions, thecorresponding double helix is also highly stable (Tm = 79 C), thus
preventing an efﬁcient separation of the two strands at 37 C and
consequent G4 formation. Working on the experimental condi-
tions, we did not identify a unique parameter sufﬁcient to fully
shift the double helix towards the tetrahelix at physiological tem-
perature. Indeed, KCl, pH and PEG, when take alone, modestly pro-
mote the process. Clearly, here we analyzed the effect of a limited
number of components in solution, although all of them can partly
describe the intracellular environment. Still, our results showed
that they can cooperate to facilitate the conversion of the double
helix towards alternative foldings. This is actually strictly related
to the structural properties of the C-rich strand which can fold into
an iM, though under different experimental conditions compared
to the G4. Nevertheless, a proper combination of PEG and KCl
allows the simultaneous detection of both the tetrahelices at
nearly physiological pH values.
Although at the moment no experimental evidences of G4 or iM
occurrence within the BRAF gene in living cells are available, these
result lead open the possibility that the non-canonical foldings of
the herein studied promoter sequence may be signiﬁcant in the
complex physiological environment, thus representing a valuable
novel target for the development of innovative anticancer
therapies.
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